Abstract -We present results on the direct monolithic integration of III-V devices and Si CMOS on a silicon substrate. InP HBTs (0.5 x 5 um 2 emitter) with ft and fmax > 200GHz were grown directly in windows adjacent to CMOS transistors on silicon template wafers or SOLES (Silicon on Lattices Engineered Substrates). A BCB based multilayer interconnect process was used to interconnect the InP HBT and Si CMOS to create a differential amplifier demonstration circuit. The heterogeneously integrated differential amplifier serves as the building block for high speed, low power dissipation mixed signal circuits such as ADCs and DACs.
I. INTRODUCTION
The future of integrated circuits will include the integration of high performance III-V electronic and/or opto-electronic devices with standard Si CMOS. While traditional hybrid approaches, such as wire bonded or flip chip multi-chip assemblies ( Figure 1 , left), may provide short term solutions, the variability and losses of the interconnects and the limitation in the placement of III-V devices relative to CMOS transistors will limit the performance and utility of these approaches.
A more attractive approach is the direct integration of CMOS and III-V devices on a common silicon substrate (Figure 1, right) . In this way circuit performance can be optimized by the strategic placement of III-V devices adjacent to CMOS transistors and cells. 
III-V CMOS Integration
III-V devices embedded in a Si wafer using III-V templates and standard Si multilayer interconnects and processing In this work we present recent results on the direct heterogeneous integration of InP HBTs and Si CMOS on a silicon substrate. As a demonstration vehicle we designed and fabricated a high speed, low power dissipation differential amplifier which serves as the basic building block for high performance mixed signal circuits such as ADCs and DACs.
II. RESULTS AND DISCUSSION
Our direct integration approach is based on a unique silicon substrate which is similar to a standard SOI wafer. The SOLES (Silicon-on-Lattice Engineered Substrate), invented at MIT [1, 2] and manufactured by SOITEC using their SmartCut TM Process [3, 4] , contains a buried III-V template layer that enables the direct growth of high quality III-V epitaxial material in windows directly on the silicon substrate ( Figure  2) . A detailed report on the growth of high quality InP HBT epitaxial material in windows on SOLES has been previously published [5] . Figure 3 shows a SEM image of InP HBT epitaxial material grown in windows on the SOLES wafers. With optimized growth conditions uniform III-V growth across 100mm diameter SOLES wafers, low dislocation density (<10 7 ) material with good surface morphology (surface roughness < 1nm as measured by AFM) and well defined X-ray spectra are easily achieved. Since the III-V growth windows are lithography defined as part of the CMOS fabrication process, the III-V epitaxial material can be grown selectively and arbitrarily across the substrate as required for the particular circuit or applications. shows an optical image of a completed differential amplifier circuit. In addition to the core differential amplifier, the circuit contains a bias circuit and all HBT output buffer. The role of the output buffer is to attenuate the output of the core differential amplifier to facilitate the characterization of the differential amplifier. Because of our truly monolithically integrated, planar approach we were able to include multiple design variants within a reticle on a wafer, effectively creating a design optimization design of experiments (DOE) within the reticle. The following test results are for one of these design variants which utilizes a 4-2x5um 2 HBTs for each half of the differential pair (8-total) and 8-finger (2 um gate length, 19.2 um wide) PMOS devices for the amplifier loads. For all the measurements that are shown, the differential amplifier core was biased at a V ss = 6V and I ss =14mA (P diss =84mW). Separate DC supply inputs are provided for the amplifier core and output buffer circuits to ensure an accurate measurement of the dissipated power of the core.
4-port S-parameter measurements were made to determine the low frequency amplifier gain and unity-gain bandwidth. Measurements were made from 1MHz-20 GHz using on- 
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Core Diff Amp wafer differential GSGSG probes. A probe tip calibration was performed using a GGB Industries calibration substrate.
Measurements from 1-50MHz were used to extract the low frequency gain of the differential amplifier. The low frequency voltage gain of the differential amplifier core was determined by measuring the gain of the chain of the differential amplifier with output buffer and correcting for the attenuation of the amplifier such that Av,diff amp = S21,chain-S21,buffer. The output buffer amplifier has a low frequency attenuation of ~25dB -a values that agreed well with simulations Figure 8 shows the corrected low-frequency gain of the core differentail amplifier. A peak low frequency gain of 584V/V was measured at 6 MHz. At lower frequencies, the gain is observed to decrease slightly. We believe this is due to device self-heating (increased output conductance of HBT). I ss = 14mA, V ss = -6V.
The high frequency gain measurements are extracted using a similar scalar approach for determining the core amplifier characteristics. Figure 9 shows the corrected high frequency characteristics for the same amplifier as shown in Figure 8 . A deviation in the slope of the roll-off was observed at the higher end of the frequency band. The cause of this discrepancy has not been determined. To determine the unity gain cut-off frequency of the amplifier, this portion of the frequency response was not utilized. Instead, the unity gain frequency was extrapolated from the intercept of data taken from 1-15 GHz. A unity-gain frequency of 22.3 GHz was extracted from the measurement shown in Figure 9 . From the DC-gain measurement, the DC-gain*unity gain bandwidth product is measured to be 1.3x10 4 V/V GHz.
Slew-rate measurements were made on the same amplifier show in Figures 8 and 9 . For the slew rate measurement, a 400 MHz input signal was provided from a signal generator. A differential input signal was generated using a 180° balun. Both outputs from the amplifier were provided to a high-speed Agilent sampling oscilloscope and the differential amplifier output was determined using the mathematical functions of the oscilloscope. Figure 10 shows the measured output waveform of the amplifier when driven to saturation. A peak output swing of 412mV was measured from the output buffer stage. Correcting for the measured attenuation of the output buffer (25.5dB from S-parameters) the corresponding voltage swing of the amplifier core is 7.76V The rise time and fall time (10%-90%) of the amplifier were determined using the internal math functions of oscilloscope. For the measurement in Figure 10 . the average rise/fall time was 489psec. Based on the signal swing of the amplifier core, this corresponds to a measured slew rate of 1.27x10 4 V-usec. The differential amplifier design variant whose performance is show in Figures 8 -10 , is step and repeated across a 100mm diameter SOLES wafer (each design variant appears once per reticle). To demonstrate the manufacturability of our planar integrated approach, a wafer map was generated of the DC gain and unity gain bandwidth for this design variant ( Figure  11 ). Highlighted cells are for differential amplifiers that have DC Gain*Unitiy Gain Bandwidth Products > 1x10 4 V/V-GHz. Similar results were achieved for other differential amplifier design variants and for different wafers highlighting the manufacturability of our approach. Figures 8 and 9 ). 400MHz differential input signal is provided to saturate the amplifier.
A peak output voltage swing of 412mV was measured from the output buffer corresponding to an internal input swing of 7.76V. An average rise/fall time of 489psec is measured. Fig. 11 . Wafer map of DC-Gain and unity gain bandwidth measurements for a differential amplifier design (3-2x5um 2 HBTs, 6-finger 2um PMOS, P diss = 72mW). First number in each cell represents the DC gain (V/V), second number represents the unity gain bandwidth (GHz), and the third number represents the figure-ofmerit product (V/V-GHz).
III. SUMMARY
In this work we presented results on the direct monolithic integration of InP HBTs with Si CMOS on a silicon substrate. Our direct growth approach yields InP HBTs with similar RF performance to HBTs fabricated on InP substrates. Our truly planar approach allows tight device placement (InP HBTs -Si CMOS transistors separation as small as 2.5um) and the use os standard wafer level multilayer interconnects. Using our heterogeneous integration approach we demonstrated a high speed, low power dissipation differential amplifier which serves as the basic building block for high performance converter circuits.
